As an efficient approach for trace organic contaminant removal, nanofiltration (NF) membrane showed a high rejection (> 95%) for perfluorooctane sulfonate (PFOS) when initial PFOS concentration in the feed solution was greater than 500 µg/L. The concentrated PFOS solution can be reductively degraded by a VUV/sulfite system. PFOS degradation in the studied system can be well described by a pseudo-first-order model, and the observed rate constants (k obs ) was 0.0147 min -1
Introduction
Perfluorinated compounds (PFCs) are one of anthropogenic organic compounds which are extensively applied in industrial and consumer products due to their excellent surface activity, chemical and thermal stability [1] . Perfluorooctane sulfonate (PFOS), one of the typical PFCs, are notoriously recognized for their environmental persistence, bioaccumulation and toxicity towards living organisms [2] . Recently, PFOS have been widely detected in various environmental media including wastewater, sludge, sediments, and even serum of human beings and animals [3, 4] . Wastewater is regarded as an important conduit for entry of PFOS into the environment [5] . Hence, efficient approaches for onsite PFOS degradation in wastewater are very important to minimize their release into the environment.
Due to the high strength of C-F bond, most conventional degradation technologies including advanced oxidation processes (AOPs) showed ineffectiveness on PFOS degradation [6] . The electron withdrawn nature of fluorine atom advocates the reductive degradation for PFOS, and have been investigated in many studies [7] . Degradation techniques employing hydrated electron (e aq -) are seen as an efficient approach for reductively degrading halogenated organic pollutants because e aq -is one of the most reactive species (E o = -2.9 V) [8, 9] . Besides by direct photolysis through vacuum ultraviolet (VUV) lamp [10] , e aq -can also be produced by inorganic anions mediated photolysis (i.e. iodide, sulfite) through VUV or UV lamp [11, 12] . However, iodide mediated photolysis suffer drawbacks of potential insalubrious effect induced by iodide [13] . Therefore, sulfite mediated photolysis is a more eco-friendly and massively operable reductive process for practical treatment of PFOS bearing wastewater.
Initial PFOS concentration is an important factor that influences the inherent energy utilization for any chemical treatment process. For example, in UV/iodide system, when initial PFOS concentration decreased from 20 µmol L -1 to 200 nmol L -1 , the energy required to degrade a µmole of PFOS increased by at least an order of magnitude [6] . Except for semiconductor wastewater effluent, PFOS concentration mostly ranged in the level of µg L -1 in practical wastewater [7] . Therefore, PFOS enrichment before a chemical treatment process is likely to be a viable solution for energy usage optimization. Membrane technology is an attractive approach for enrichment of PFOS in wastewater. Besides, nanofiltration (NF) membranes have been successfully used to remove trace organic compounds from various types of feed solutions. In the present study, a NF membrane was firstly used for remove PFOS in the feed solution at low concentration. A sulfite mediated VUV system followed was utilized for reductive treatment of the concentrated PFOS solution by NF membrane.
Materials and methods

Chemicals and regents
Perfluorooctane sulfonate (C 8 F 17 SO 3 K, PFOS, 98%), sodium sulfite (Na 2 SO 3 , 98%), sodium hydroxide (NaOH, 96%), and sulfuric acid (H 2 SO 4 , 98%), potassium persulfate (K 2 S 2 O 8 , > 99%), methanol (CH 3 OH, 99.5%), were purchased from commercial sources (Sigma-Aldrich and Aladdin). All the chemicals and reagents were used without further purification, and ultrapure water (Milipore Milli-Q) was used in all experiments. NF membrane used in this study was obtained from VONTRON Company (VNF1-1812).
Photochemical reaction procedures
PFOS rejection experiments were conducted in a cross-flow laboratory-scale setup which consisted of a membrane filtration cell, pump, pressure gauge and feed tank. Membrane coupons with diameter of 3.2 cm were housed in a stainless steel membrane cells. Feed solution was pumped with a Hydracell diaphragm pump from a polypropylene tank at a flow rate of 60 L/h. Temperature inside the feed tank was maintained constant (20 ℃ ) with a recirculation water bath. NF membrane was pre-compacted by filtering Milli-Q water for 24 h to eliminate the effect of membrane compaction. PFOS rejection experiments were performed with initial PFOS concentrations in the feed solutions ranging in 50 µg/L to 10 mg/L, and initial solution pH was adjusted to 7.0. During the test period, both the permeated and concentrated samples were collected for immediate analysis.
The photochemical degradation experiments were conducted in a tubular glass reactor with an inner diameter of 70 mm and height of 370 mm. A low-pressure VUV lamp (10 W, Philips) with λ max at 254 nm and a minor emission of at 185 nm was placed in the center of the reactor with a quartz envelope. A magnetic stirrer was located at the bottom of the reactor to make good mixing. The reaction temperature was maintained at 25 ℃ by a water recirculation system. Nitrogen gas was continuously bubbled into the reactor at a flow rate of 1.0 L/min. In a typical photochemical reaction experiment, 800 mL mixture of Na 2 SO 3 (20 mM) and concentrated PFOS solution by NF membrane was filled into the reactor. Initial solution pH was adjusted to 10.0. Besides VUV/sulfite treatment, two blank experiments (sole VUV irradiation and sole sulfite addition in the solution without VUV irradiation) were also carried out. Prior to the photolysis experiments, VUV lamp was turned on for 30 min to reach a stable output. Samples were withdrawn from the reactor at predetermined time intervals and analyzed immediately. All experiments were conducted in duplicate and averaged values and deviations were presented.
Analysis
PFOS concentration was determined by an ultra-high performance liquid chromatography/tandem mass spectrometry (UPLC/MS-MS, Waters, USA). The UPLC system was equipped with a BEH C18 column (2.1×50 mm, 1.7 µm). Methanol and ammonium acetate (2 mM) were used as the mobile phase. The injection volume was 1 µL, and column temperature was set at 40 
Results and discussion
PFOS rejection by NF membrane
PFOS rejection experiments with different initial PFOS concentrations in the feed solutions were conducted and results were shown in Fig. 1 . PFOS rejection improved from 86% to 96% when initial PFOS concentration increased from 50 µg/L to 500 µg/L, whereas further increase of initial PFOS concentration led to no observable enhancement on PFOS rejection. Electrostatic interactions and size exclusion are two main mechanisms responsible for NF separation. For PFOS removal by NF membrane, electrostatic repulsion was likely to occur because PFOS negatively charged site at its sulfonate head group was connected with the negatively charged NF membrane [14] . More PFOS would absorb on the membrane surface with the increasing initial PFOS concentration in the feed solution, which resulted in more negative charge on the membrane surface, and thus strengthened the charge repulsion between membrane surface and PFOS. On the other hand, the absorbed PFOS may cause the decrease of membrane pore size, and consequently enhanced PFOS rejection [15] . The concentrated PFOS solutions were collected and analyzed. Their respective concentrations were about 10 folds the concentrations in the feed solutions.
Degradation of concentrated PFOS in the VUV/sulfite system
A typical concentrated PFOS solution (20 mg/L) was used in the degradation experiments. As shown in Fig. 2 , a fast PFOS degradation was observed in the VUV/sulfite system. 97.3% PFOS was degraded from its initial concentration of 20 mg/L within 240 min degradation experiment, and the corresponding defluorination efficiency was 68.5%. Blank experiments showed sole sulfite addition in the solution can't lead to any PFOS degradation, whereas sole VUV irradiation caused an observable degradation efficiency of 46.2%. PFOS degradation in sole VUV and VUV/sulfite systems can be well expressed by a pseudo-first-order model (Fig. 3) . The observed rate constants (k obs ) were 0.002 min -1 and 0.0147 min -1 , respectively. k obs in the VUV/sulfite system was about 6 folds higher than that in sole VUV system. Previous studies showed direct VUV photolysis made a minor contribution to PFOS [16] . Therefore, the observed PFOS degradation in sole VUV system shall attribute to the active species generated from water homolysis or ionization by VUV lamp (eqs 1-2) [10] . When sulfite was introduced in VUV system, the amount of generated active species significantly increased due to sulfite photolysis reactions [17] , which accordingly enhanced PFOS degradation. Supplementary experiments were carried out to elucidate the dominate species responsible for PFOS degradation. When the studied system was purged with O 2 , an obvious suppression on PFOS degradation and defluorination efficiencies were observed compared to that was purged with N 2 after 30 min reaction (Fig. 4) , which indicated PFOS underwent a reductive degradation in the VUV/sulfite system. Because reductive species (i.e. •H and e aq -) were easily quenched by oxygen, thus inhibited PFOS degradation and defluorination reactions. By using persulfate and methanol as scavengers, e aq -was found the dominant species responsible for PFOS degradation. The addition of persulfate apparently suppressed PFOS degradation, whereas methanol slightly enhanced PFOS degradation (Fig. 5) 
Summary
NF membrane showed a high PFOS rejection (> 95%) when initial PFOS concentration in the feed solution was greater than 500 µg/L. The concentrated PFOS solution can be efficiently degraded in the VUV/sulfite system. PFOS degradation in the studied system can be well described by a pseudo-first-order model, and k obs was 0.0147 min -1 , which was about 6 folds higher than that in sole VUV system. By using different reaction atmosphere and scavengers, e aq -was figured out the dominant species responsible for PFOS degradation in the VUV/sulfite system. 
